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1. Introduction

In the pursuit of advanced reactor design, the demand
for high-fidelity reactor physics analysis has become
increasingly paramount. To enhance the understanding
of high-fidelity neutronics and to facilitate the
verification and validation (V&V) of advanced core
analysis codes, the Korea Atomic Energy Research
Institute (KAERI) participated in the US/ROK
International Nuclear Energy Research Initiative (I-
NERI) project.

One of the tasks in this collaboration was the
development of a benchmark suite for light-water Small
Modular Reactors (SMRs) based on the NuScale reactor
design. Because the detailed specifications for the
NuScale reactor were not disclosed, KAERI has
developed a new benchmark problem set based on the
published documents [1, 2] and the previous works [3, 4].

This paper provides a comprehensive definition of
these light-water SMR core benchmark problems to
serve as a standard resource for the neutronics
community. To establish a reliable baseline, reference
solutions were generated using the continuous-energy
Monte Carlo code, McCARD [5]. Furthermore, this
study presents analysis results from DeCART [6], a
whole-core high-fidelity transport code developed by
KAERI.

2. Light-Water SMR Core Benchmark Problems

The Light-Water SMR Core Benchmark Problems
were constructed based on publicly available
specifications of the NuScale reactor. Comprehensive
details regarding the geometric configurations and
material compositions for each problem are provided in
the Appendix.

The benchmark set is structured in a hierarchical
manner to facilitate  step-by-step  verification,
encompassing: 1) Single fuel pin problems (2-D), 2)
Single fuel assembly problems (2-D), 3) 2-D core
problems, 4) 3-D core problems, and 5) a 3D core
depletion problem. Except for the 3D core depletion case,
which is evaluated under Hot Full Power (HFP)
conditions, the benchmark calculations are to be
performed across a matrix of parametric variations.
These variations are designed to test the code's response
to different physical states and are defined as follows:

Moderator/Clad Temperature: 600 K
Fuel Temperature: 600 K and 900 K
Soluble Boron Concentration: 0, 1000, and 2000 ppm

The total number of problems is 49:
1) 12 single fuel pin problems

(Problem IDs: NS01C01 ~ NS01C12)
2) 24 single fuel assembly problems

(Problem IDs: NS02A0C01 ~ NS02B2C06)
3) Six 2-D core problems

(Problem IDs: NS03C01 ~ NS03CO06)
4) Six 3-D core problems

(Problem IDs: NS04C01 ~ NS04C06)
5) One core depletion problem

(Problem ID: NS05C01)

Detailed descriptions for each specific benchmark
problem are further elaborated in the Appendix.

Reference solutions to benchmark problems were
produced using the continuous-energy Monte Carlo code
McCARD with ENDF/B-VII.1 neutron cross section
library. The standard deviation of multiplication factors
for McCARD results were within 4~7 pcm.

3. Calculations and Results

The Light-Water SMR Core Benchmark Problems
were solved using DeCART, and the results were
compared with reference solution obtained by McCARD.
The DeCART calculations were conducted with the
ENDF/B-VII.1 based 47-group cross section library
generated with the KAERI cross section library
generation system, which includes resonance integral
table, subgroup data [7]. The anisotropic scattering
source is treated by the order of P2 developed in [8]. For
the ray tracing option, the ray-spacing of 0.02 cm, 4 polar
angles of 90, and 8 azimuthal angles of 90 were used.

The calculation results are summarized for each
category of benchmark problem as follows.

3.1 Single Fuel Pin Cell Problems

There were 12 single fuel rod problems with 2 kinds
of nuclear fuel (U?* enrichment: 1.87% and 4.55%) and
6 conditions shown in Section 2. Table | shows the
multiplication factor results of McCARD and DeCART
calculation and the relative difference between them. The
reactivity error is within 100 pcm in the problem. The



DeCART result is well matched with the reference
solution (McCARD).

Table I: Multiplication Factor Results for Single Fuel Pin

Problems
Reactivity
ID McCARD DeCART Difference
[pem]

NS01C01 1.20072 1.20171 69
NS01C02 1.19010 1.19097 61
NS01C03 1.06854 1.06940 75
NS01C04 1.05918 1.05989 63
NS01C05 0.96566 0.96649 89
NS01C06 095713 0.95797 92
NS01C07 1.38555 1.38697 74
NS01C08 1.37403 137512 58
NS01C09 1.30288 1.30418 77
NS01C10 1.29210 1.29314 62
NS01C11 1.23112 1.23240 84
NS01C12 1.22107 1.22208 68

3.2 Single Fuel Assembly Problems

There were 24 single fuel assembly problems with 4
kinds of assembly (AQ, B0, B1, B2, they are described in
Appendix) and 6 conditions shown in Section 2. Table Il
shows the comparison of the multiplication factors
between McCARD and DeCART for single fuel
assembly benchmark problems. It shows that the average
of reactivity difference between two codes is 16 pcm.
The largest difference between two results is found at
NS02B2C05 problem and the value is 43 pcm.

The comparison of radial pin power distribution
between two codes for single fuel assembly benchmark
problem is also performed. The average RMS error of
radial pin power is calculated to be 0.21%. The average
error of radial pin power is found to be 0.10%. The
maximum pin power error is 0.49% and it is appeared in
NS02B0CO01 problem. Fig. 1 shows the radial pin power
distribution of NS02B0CO1 problem (B0 assembly, Fuel:
600K, Moderator/Clad: 600K, 0 ppm). The other cases
are presented in Appendix. The DeCART result is close
to the reference solution (McCARD).
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Fig. 1. Pin Power Distribution for 2-D Fuel Assembly Problem:
BO Type, Fuel: 600K, Moderator/Clad: 600K, 0 ppm.

Table II: Multiplication Factor Results for 2-D Fuel
Assembly Problems

Reactivity
ID McCARD DeCART Difference
[pcm]

NS02A0C01 141717 1.41750 16
NS02A0C02 1.40620 1.40646 13
NS02A0C03 1.31590 1.31642 30
NS02A0C04 1.30592 1.30625 19
NS02A0C05 1.23041 1.23095 36
NS02A0C06 122113 1.22152 26
NS02B0CO01 1.13918 1.13924 5

NS02B0C02 1.13088 1.13057 -24
NS02B0C03 1.07545 1.07545 0

NS02B0C04 1.06738 1.06737 -1

NS02B0C05 1.01965 1.01990 24
NS02B0C06 1.01230 1.01232 2

NS02B1C01 1.08320 1.08319 -1

NS02B1C02 1.07499 1.07464 -30
NS02B1C03 1.02428 1.02438 10
NS02B1C04 1.01642 1.01641 -1

NS02B1C05 0.97281 0.97306 26
NS02B1C06 0.96555 0.96558 3

NS02B2C01 1.06830 1.06846 14
NS02B2C02 1.05997 1.05989 -7

NS02B2C03 1.01055 1.01079 23
NS02B2C04 1.00268 1.00279 11
NS02B2C05 0.96003 0.96043 43
NS02B2C06 0.95271 0.95293 24

3.3 2-D Core Problems

There were six 2-D Core Problems with 6 conditions
shown in Section 2. Table Ill shows the comparison of
the multiplication factors between McCARD and
DeCART for 2-D core benchmark problems. It shows
that the average of reactivity difference between two
codes is 44 pcm. The largest difference between two
results is found at NS03CO05 problem and the value is 57
pcm.

The comparison of radial assembly power distribution
between two codes is also performed. The average RMS
error of radial assembly power is calculated to be 0.43%.
The average error of radial assembly power is found to
be 0.39%. The maximum assembly power error is 0.74%
and it is appeared in NSO3CO01 problem as shown in Fig.
2. The other cases are presented in Appendix.

Table I11: Multiplication Factor Results for 2-D Core

Problems
Reactivity
ID McCARD DeCART Difference
[pcm]

NS03C01 1.10974 1.11033 48
NS03C02 1.10157 1.10183 21
NS03C03 1.04400 1.04446 42
NS03C04 1.03604 1.03654 47
NS03C05 0.98715 0.98771 57
NS03C06 0.97986 0.98031 47




0.8677 M- DeCART

0.8719 | 0.9391 McCARD

0.48 0.34 0.56 Diff. [%]

0.9323 | 1.0694 | 1.0465

0.9367 | 1.0727 | 1.0401

0.47 0.30 0.62
1.2497 RMS Diff. 0.49 %
1.2473 Avg. Diff. 0.46 %
0.19 Max. Diff. 0.74 %

Fig. 2. Radial Assembly Power Distribution for 2-D Core
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Problem: Fuel: 600K, Moderator/Clad: 600K, 0 ppm.

3.4 3-D Core Problems

There were six 3-D Core Problems with 6 conditions
shown in Section 2. Table IV shows the comparison of
the multiplication factors between McCARD and
DeCART for 3-D core benchmark problems. It shows
that the average of reactivity difference between two
codes is 9 pcm. The largest difference between two
results is found at NS04C02 problem and the value is 18
pcm.

The comparison of radial assembly power distribution
between two codes is also performed. The average RMS
error of radial assembly power is calculated to be 0.69%.
The average error of radial assembly power is found to
be 0.64%. The maximum radial assembly power error is
1.16% and it is appeared in NS04C02 problem as shown
in Fig. 3. For the axial power comparison, the average
RMS error of axial power is calculated to be 0.94%. The
average error of axial power is found to be 1.06%. The
maximum axial power error is 2.38% and it is appeared
in NS04C01 problem as shown in Fig. 4. The other cases
are presented in Appendix.

Table IV: Multiplication Factor Results for 3-D Core

Problems
Reactivity
ID McCARD DeCART Difference
[pcm]
NS04C01 1.09846 1.09831 -12
NS04C02 1.09014 1.08993 -18
NS04C03 1.03176 1.03177 1
NS04C04 1.02414 1.02398 -15
NS04C05 0.97519 0.97521 2
NS04C06 0.96801 0.96793 -9
0.8586 | 0.9063 [ 0.9548 - DeCART
0.8687 | 0.9149 | 0.9589 McCARD
0.94 | 0.42 | 0.87 Diff. [%]
0.9622 |1.0733 |1.0145
0.9698 | 1.0774 | 1.0046
0.78 | 0.38 | 0.99
1.2132 RMS Diff. 0.79 %
1.2092 Avg. Diff. 0.74 %
0.33 Max. Diff. 1.16 %

Fig. 3. Radial Assembly Power Distribution for 3-D Core
Problem: Fuel: 900K, Moderator/Clad: 600K, 0 ppm.

Core Height from Bottom [cm]
Fig. 4. Axial Power Distribution for 3-D Core Problem: Fuel:
600K, Moderator/Clad: 600K, O ppm.

3.5 3-D Core Depletion Problem

This benchmark problem is a problem of calculating
the first-cycle depletion at HFP with critical state. The
xenon equilibrium state is assumed at each burnup step.
The temperature distribution at HFP state should be
obtained through thermal fluid analysis. The calculation
was performed using DeCART's own thermal fluid
analysis module, and the result is shown in Fig. 5. (The
reference solution is not provided in this paper.) It shows
that the burnable absorber compensates the excess
reactivity until 20 MWD/kgHM.

2500

2000

R B ——
[ —

1500

[ppm]

1000

500

o--DeCART

Critical Boron Concentration

[=]
(5

10 15 20 25 30
Burnup [MWD/kgHM]

Fig. 5. Critical Boron Concentration for 3-D Core Depletion
Problem.

4. Conclusions

In this paper, the light-water SMR reactor core
benchmark problems based on the NuScale were
described and they were solved by DeCART for the
verification and validation. A comparison of the results
with the reference code McCARD found that DeCART
and McCARD agreed well in most cases. In the 2-D and
3-D core problems, only the effective multiplication
factor difference of about several tens of pcm was shown,
and there was no significant difference in the power
distribution. The first cycle core depletion calculation
was performed to verify the multi-physics core analysis
function. Taken together, it was confirmed that the
DeCART code can carry out advanced small modular
reactor core analysis with high accuracy.



In a broader context, benchmark development for
SMR cores, such as NuScale-like core benchmark [9],
remains a focal point of current research efforts. By
providing these detailed specifications and reference
solutions as open verification data, this paper aims to
support SMR reactor physics groups in their code
verification processes. Ultimately, it is expected that this
contribution will lead to enhanced analysis accuracy and
reliability across the field of SMR core design and safety
evaluation.
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Appendix A: Benchmark Specification

In this section, the geometry and materials of
benchmark problems are described. Most problem
specifications are based on the published NuScale design
document [1] and journal paper [2].

A.1 General Description of Benchmark Reactor

The benchmark reactor core is composed of 37 fuel
assemblies (FA). The FAs are arranged in rectangular
lattice in the core. Each FA has 264 fuel or burnable
absorber rods. The fuel rods of each FA are arranged in

17 by 17 rectangular lattice. Each FA also has 24 guide
tubes (GT) for control rods and 1 central tube (CT) for
instruments.

There are four fuel assembly types, A0, B0, B1, and
B2 for constructing the reactor core benchmark problem
set. For the FA loading pattern in the core and the fuel
pin arrangement in the FA, the first cycle of NuScale core
in the journal paper [2] is used. The overall dimensions
of reactor core are given in Table A.l.

Table A.l: Geometrical Design Data for Benchmark
Reactor Core

Parameter | Value
Core
Total height 256 cm
Top reflector height 20cm
Bottom reflector height 20cm
Assembly pitch 21.503cm
Pin pitch 1.26cm
Fuel rod, Burnable absorber rod, Top end, Bottom end
Pellet radius 0.406 cm
Clad inner radius 0414cm
Clad outer radius 0.475cm
Active fuel height 200 cm
Top axial blanket height 8cm
Bottom axial blanket height 8cm
Top end height 16cm
Bottom end height Ocm
Guide tube and Central tube
Guide tube inner radius 05715¢cm
Guide tube outer radius 0.612cm
Guide tube height 216cm
A.2 Pin Cell

The geometry of the outer boundary of the pin cell is
a square whose pitch is 1.26 cm as shown in Fig.A.1 (a).
The radial dimensions of the pin cell and material 1D of
various pin types are given in Fig.A.2. There are three
different types of pin cells; fuel rod, burnable absorber
rod, and top end. In the fuel rod, UO2 fuel is loaded in
the region #1 (See Fig.A.2. (a)). The region #2 in the fuel
rod represents a gap between fuel and cladding. The
outside region of the cladding is filled with moderator
H20 (MOD). The composition of moderator depends on
the soluble boron concentration. The other pin types have
the same geometry and material composition except for
the region #1 (See Fig.A.2 (b) and (c)).

The guide tube cell and the central tube cell also have
square boundary with the same size as shown in Fig.A.1
(b). The radial dimensions and material ID of them are
given Fig.A.2 (d). The inside and outside regions of the
cladding in Fig.A.2 (d) are also filled with moderator
H20 (MOD).



1.26 cm
\__/ v
(@) Pin cell (b) Tube cell
Fig. A.1. Square Pin and Tube Cell Size.
Region # | Size [cm] Material
1 0.406 U02 Fuel
2 0414 AIR
3 0475 CLD
(a) Fuel rod
Region # | Size [cm] Material
1 0.406 GD
2 0414 AIR
3 0475 CLD
(b) Burnable absorber rod
Region# | Size [cm] Material
1 0.406 MIXSPR
2 0414 AIR
3 0475 CLD
(c) Top end

I Region # | Size [cm] Material
1 0.5715 MOD
2 0.612 CLD

(d) Guide tube, Central tube

Fig. A.2. Various Pin Cell and Tube Cell Geometry of Fuel
Assembly.

A.3 Fuel Assembly
The outer boundary of the fuel assembly (FA) of

Benchmark reactor is a square whose pitch including
assembly gap is 21.503 cm as shown in Fig.A.3. The

assembly gap is filled with the moderator of H20 (MOD).

The details of dimensions of FA are in Table A.ll. Each
FA is made up of 264 square pin cells (Fig.A.1 (a)) and
25 tube cells (Fig.A.1 (b)).

There are 4 types of fuel assemblies, A0, B0, B1, and
B2. These are distinguished by the weight fraction of

burnable absorber. The detail of each type is illustrated
in Fig.A.4 through Fig.A.7. The uranium enrichment of
all fuel pin cells is 4.55 wt%. AO does not have any
burnable absorber pin cells. BO~B2 have 32 burnable
absorber rods. The weight fraction of burnable absorber
in FA is shown in Table A.llI.
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Fig. A.3. Geometry of Fuel Assembly.

Table A.ll: Dimensions of Fuel Assembly

Parameter | Value
Fuel assembly size
Number of pin cells in a side of FA 17
Number of pin cells in FA 264
Number of tube cells in FA 25
Fuel rod pitch in FA 126cm
FA pitch 21.503 cm
Assembly gap
Distance between side of pin cell and
side of FA P 00415¢m
Distance between side of pin cell and 0.155 cm
fuel rod surface
Distance between fuel assemblies, 0393 cm
fuel rod surface to surface (moderator gap) '

Table A.lll: Fuel Assembly Types

Number of Burnable
Assembl Fuel rod burnable absorber
Y| enrichment weight
Type 8 absorber rods -
(wt %) . fraction
in FA
(w/o)
A0 4.55 - -
BO 455 2 20
Bl 455 2 6.0
B2 455 32 8.0
CloloIo[CloloClolo[CIOlo[CIOlOI0]
QlO[00[0[0l0[0[0lo[o[olo[OlOlO[0]
QlO|00[OI00[OI0I0IOI0I0[0[010[0) UO; fuel pin
Q[O[0I00]00[0]00[CICIOI0ICI0I0] o~ )
ClO[Q[O[0I0IOI0[OI0IOIQIOICIOI0IO (%°U 4.55 wt%)
Q[OI00[OI00[OI0I0I0I0I0[0I0I010)
Q[O|010]0]000]0[0[0CIOIOIOI010] )
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cloolololcl00lo00[00I0I0] Central tube
QlO|0I0[0]010[0]010[0[0lo[OIOlO[0]
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Fig. A.4. Radial Configuration of AO.
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Fig. A.5. Radial Configuration of BO.
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Fig. A.6. Radial Configuration of B1.
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Fig. A.7. Radial Configuration of B2.

A.4 Radial Core Specification

The loading pattern of the benchmark problem is
originated from the fresh core in the journal paper [2].
The loading pattern has the 45-degree symmetry. Fig.A.8
shows the radial configuration of the reactor core. The
radial reflector consists of the stainless steel and the core
barrel. The outside of the core barrel is filled with the
moderator. Since the power distribution in the core is a
major concern of this work, the problem domain is
limited to the active core region and its vicinity. The
dimension of radial geometry of the benchmark problem
is shown in Table A.IV.

Fig. A.8. Radial Geometry of Ligh-Water SMR Core
Benchmark Problem.

Table A.IV: Dimensions of Radial Geometry of Core

Problems
Parameter | Value
Core
Core lattice Thy7
Number of FAs 37
Assembly pitch 21.503 cm
Radial Reflector
Radial reflector material SS304
Distance between outer fuel rod surface
. 0.1965 cm
and radial reflector
Core Barrel
Core barrel material SS304
Core barrel inner radius 93.98cm
Core barrel outer radius 99.06 cm
Problem Domain
Material outside the core barrel MOD
Radial shape of the problem domain Square
. . 193,527 cm
Side length of the problem domain (9% 21,503 cm)

A.5 Axial Geometry

This subsection describes the axial geometry for 3-D
benchmark problems. Fig.A.9 shows the axial
configuration of 3-D core benchmark problem. The top
and bottom reflectors are homogeneous regions. They
consist of moderator (MOD) and stainless steel for 20 cm
height. Radial reflector and core barrel are also uniform
in axial direction. The outside of the core barrel is filled
with the moderator.



[ PN Top Reflector
Core Barrel
Fuel Assemblies
< Radial Reflector
Moderator L
(MOD)
L | [T Bottom Reflector
Parameter Value
Fuel assembly height 216 cm
Top reflector height 20cm
Bottom reflector height 20cm
Axial reflector material MIXREF

Fig. A.9. Axial Configuration of 3-D Core Benchmark Problem.

The geometry of fuel rod, burnable absorber rod, guide
tube and central tube are shown in Fig.A.10. The height
of all rods and tubes is 216 cm and the height of active
fuel region is 200 cm. The fuel and burnable absorber
rods have top and bottom blanket with 8.0 cm height. The
top end is above the active fuel region. The axial
reflectors fill the top and bottom of rods and tubes.

| Top reflector
(h=20 cm)
Top end
(h=16 cm)
{— Top blanket

(1.87 wt%)
(h=8 cm)

| Top reflector <« Top reflector
(h=20 cm) (h=20 cm)

Top end
(h=16 cm)
{— Top blanket
(1.87 wt%)
(h=8 cm)

[1[4] 4]

Fuel
(4.55 wt%) —T
(h=8 cm)

[Llely |

256 cm
256 cm
256 cm

«{— Fuel “— U0, (4.11 wi%) <“{f— Moderator
(4.55 wtd%) + Gd,05 (h=216 cm)
(h=184 cm) (h=176 cm)

#— Clad, AIR gap #— Clad, AIR gap #— Clad(h=216 cm)
(h=216 cm) (h=216 cm)
Bottom blanket Bottom blanket
<— (1.87 wt%) +— (1.87 wt%) -
—  (h=8cm) E (h=8 cm) —
<« Bottom reflector | Bottom reflector <« Bottom reflector
A (h=20 cm) BN (h=20 cm) vl (h=20 cm)
(a) Fuel rod (b) Burnable absorber rod (c) Guide/Central tube

Fig. A.10. Axial Configuration of Fuel, Burnable Absorber Rod,
Guide Tube and, Central Tube.

A.6 Material Specification

Table A.V shows the list of materials defined in the
previous specification. This section provides all isotope
number densities for the materials in unit of [atoms/barn-
cm]. The dependency of the material specification on
core condition is simplified assuming that the operation
parameters such as temperature and soluble boron
concentration have no effects on the composition of fuel
and structure. However, the materials including H20
such as the homogenized mixture materials or moderator
are given depending on the operating conditions.

Table A.V: List of Materials in the Benchmark Problem

Material .
name Description
U02 187 | UO: fuel (**°U 1.87 wt%) for axial blanket
U02 455 | UO:> fuel (*°U 4.55 wt%)
CDw2 Gd203(2 Wt%)-UOz (*°U 4.11 wt%) burnable
absorber
GDW6 Gd203(6 Wt%)-U02 (*°U 4.11 wt%) burnable
absorber
GDW8 Gd203(8 Wt%)-U02 (*°U 4.11 wt%) burnable
absorber
AIR Gap in fuel and burnable absorber
Cladding in fuel, burnable absorber rod, guide tube,
CLD
and central tube
SS304 Core barrel, Radial reflector
MIXSPR | Top end of fuel, burnable absorber rods
MOD Moderator
MIXREF | Homogenized material for axial reflector

A.6.1. Fuel, Absorber, and Structure

Table A.VI: UOz, AIR, and Cladding Material

Specification

Material | Density Isotope Atomic number density
name [g/cmq] P [atoms/barn-cm]

25 4.44734E-04
uo2_187 1053 =y 2.30430E-02
(1.71 wio) ’ 50 4.69755E-02
Total 7.04633E-02
25 1.08206E-03
UO2_455 1053 =8y 2.24128E-02
(4.55 wio) ' 50 4.69897E-02
Total 7.04846E-02
“N 3.29892E-05
AIR 0.001 %0 8.76928E-06
Total 4.17585E-05
SFe 1.55685E-06
%Fe 2.44392E-05
5Fe 5.64435E-07
%Fe 7.50857E-08
07y 2.18488E-02
CLD 6.5 nzy 4.76579E-03
927y 7.28096E-03
HZr 7.38033E-03
%7y 1.18858E-03
%“Nb 4.21326E-04
Total 4.29124E-02

Table A.VII: Burnable Absorber Material Specification

Material | Density Isotope Atomic number density

name [g/cm?] P [atoms/barn-cm]
25 9.48057E-04
28 2.18396E-02
150 4.66142E-02
152Gd 1.40524E-06
¥Gd 151044E-05

GDw2 10.422 1%5Gd 1.02500E-04
1%Gd 1.41745E-04
57Gd 1.08401E-04
%8Gd 1.71999E-04
160G 151421E-04
Total 7.00945E-02




A.6.2 Moderator and Axial Reflector

As opposed to fuel and structure, the materials in
moderator and top/bottom reflector are dependent on
soluble born concentrations. Table A.X shows the
isotope number densities of MOD and MIXREF at 600
K depending on the soluble boron concentration. In this
benchmark, it is determined that the change in the
number density of other nuclides with changes in boron
concentration is negligible, so the number density of
other nuclides is presented as a fixed value according to

By 8.92433E-04

8y 2.05583E-02

%0 4.59600E-02

192Gd 4.13724E-06

Gd 4.44697E-05

GDw6 10.228 155Gd 3.01776E-04

156Gd 4.17320E-04

5'Gd 3.19148E-04

1%8Gd 5.06392E-04

160Gd 4.45808E-04

Total 6.94497E-02

=y 8.65332E-04

8y 1.99340E-02

%0 4.56388E-02

152G 5.46508E-06

™Gd 5.87422E-05

GDw8 10.133 155Gd 3.98630E-04

1%6Gd 5.51259E-04

5Gd 4.21579E-04

%8G 6.68018E-04

150G 5.88890E-04

Total 6.91316E-02

Table A.VIII: SS304 Material Specification
Material | Density Isotone Atomic number density

name [g/cm?] P [atoms/barn-cm]

SCr 7.71070E-04

%2Cr 1.48687E-02

SCr 1.68591E-03

SCr 4.19624E-04

*Mn 1.76615E-03

e 3.54740E-03

SFe 5.56866E-02

SS304 8.00 STFe 1.28611E-03

SFe 1.71088E-04

N 4.74025E-03

SONi 1.82594E-03

SINi 7.93722E-05

&N 2.53073E-04

#Ni 6.44503E-05

Total 8.71658E-02

Table A.IX: Top End Material Specification

Material

Density

Atomic number density

boron concentration.

Table A.X: MOD and MIXREF Composition Specification

. . Atomic number density
N:gf;'eal B‘igﬂ%’ Isotope atoms/barn-cm
0 ppm 1000 ppm 2000 ppm
H 442147E-02 | 4.42147E-02 4.42147E-02
MOD 8 0.00000E+00 | 7.29909E-06 | 1.45982E-05
(600K) 0.66117 B 0.00000E+00 | 2.95278E-05 | 5.90556E-05
%0 2.21073E-02 | 2.21073E-02 2.21073E-02
Total 6.63220E-02 | 6.63589E-02 | 6.63957E-02
H 331610E-02 | 3.31610E-02 | 3.31610E-02
8 0.00000E+00 | 547432E-06 | 1.09487E-05
B 0.00000E+00 | 2.21459E-05 | 4.42917E-05
%0 1.65805E-02 | 1.65805E-02 | 1.65805E-02
Cr 192768E-04 | 1.92768E-04 | 1.92768E-04
SCr 3.71718E-03 | 3.71718E-03 3.71718E-03
%Cr 421478E-04 | 4.21478E-04 | 4.21478E-04
“Cr 1.04906E-04 | 1.04906E-04 | 1.04906E-04
MIXREF SMn 441537E-04 | 441537E-04 | 4.41537E-04
(600K) 249583 Fe 8.86850E-04 | 8.86850E-04 | 8.86850E-04
Fe 1.39217E-02 | 1.39217E-02 1.39217E-02
SFe 3.21527E-04 | 3.21527E-04 | 3.21527E-04
%Fe 427721E-05 | 4.27721E-05 4.27721E-05
N 1.18506E-03 | 1.18506E-03 | 1.18506E-03
ONi 456484E-04 | 456484E-04 | 4.56484E-04
SN 1.98430E-05 | 1.98430E-05 | 1.98430E-05
SN 6.32683E-05 | 6.32683E-05 | 6.32683E-05
¥Ni 161126E-05 | 1.61126E-05 1.61126E-05
Total 7.15329E-02 | 7.15606E-02 7.15882E-02

A.7. Calculation Conditions

Calculations will be performed at two different

name [g/cm?] BBl 5 [atoms/barn-cm]

“N 3.19995E-05

%0 8.50620E-06

S0Cr 2.31321E-05

S2Cr 4.46062E-04

SCr 5.05774E-05

SCr 1.25887E-05

*Mn 5.29844E-05

SFe 1.06422E-04

MIXSPR 0.241 SFe 1.67060E-03
STFe 3.85832E-05

SFe 5.13265E-06

N 1.42207E-04

50N 5.47781E-05

BINi 2.38116E-06

E2Ni 7.59219E-06

i 1.93351E-06

Total 2.65548E-03

temperature conditions as given in Table A.XI. Table
A.XII shows the reference state variables in the 3-D Core
Depletion Problem. The core thermal power is 160 MW1.
The moderator state is under the condition with void
fraction of 0% and constant pressure of 12.76 MPa.

Table A.XI: Temperature Variations for Benchmark
Problems
No Temperature [K

) Fuel Clad Moderator
1(HzZP) 600 600 600
2 (HFP) 900 600 600

Table A.XII: Reference State Variables for Depletion
Problem

Value
12.76 MPa
160 MWt

200cm

Parameter
Pressure
Core Thermal Power
Active Core Height




Appendix B: Definition of Benchmark Problems
B.1 Single Fuel Pin Problems

These are the single fuel pin problems. The boundary
conditions are reflective radially and axially. The
benchmark 1Ds and its calculation conditions are given
in Table B.I.

Table B.1: Benchmark IDs for Single Fuel Pin Problems

No D =y Temperature [K] PPM
' Wt% | Fuel | Clad | Moderator
1 NS01C01 | 187 600 600 600 0
2 NS01C02 | 1.87 900 600 600 0
3 NS01C03 | 1.87 600 600 600 1000
4 NS01C04 | 187 900 600 600 1000
5 NS01C05 | 1.87 600 600 600 2000
6 NS01C06 | 1.87 900 600 600 2000
7 NS01C07 | 455 600 600 600 0
8 NS01C08 | 455 900 600 600 0
9 NS01C09 | 455 600 600 600 1000
10 | NS01C10 | 455 900 600 600 1000
11 | NS0IC11 | 455 600 600 600 2000
12 | NS01C12 | 455 900 600 600 2000

B.2 2-D Fuel Assembly Problems

These are the 2-D fuel assembly problems. The
boundary conditions are reflective radially and axially.
The benchmark IDs and its calculation conditions for
each assembly are given in Table B.1I.

Table B.1l: Benchmark IDs for 2-D Fuel Assembly

Table B.III: Benchmark I1Ds for 2-D Core Problems

Temperature [K]

s 12 ks Fuel | Clad | Moderator i
1 NS03C01 | 2-D 600 600 600 0
2 NS03C02 2-D 900 600 600 0
3 NS03C03 2-D 600 600 600 1000
4 NS03C04 | 2-D 900 600 600 1000
5 NS03C05 2-D 600 600 600 2000
6 NS03C06 | 2-D 900 600 600 2000

B.4 3-D Core Problems

The problem ID and its calculation conditions for 3-D
whole core reactor are given in Table B.IV. The
boundary conditions are vacuum radially and axially.

Table B.IV: Benchmark IDs for 3-D Core Problems

Temperature [K]

M 12 1752 Fuel | Clad | Moderator i
1 NS04C01 | 3-D 600 600 600 0
2 NS04C02 | 3-D 900 600 600 0
3 NS04C03 | 3-D 600 600 600 1000
4 NS04C04 | 3-D 900 600 600 1000
5 NS04C05 | 3-D 600 600 600 2000
6 NS04C06 | 3-D 900 600 600 2000

B.5 3-D Core Depletion with Hot Full Power Condition

This section describes a single problem, NS05CO1.
NS05CO01 is a 3-D whole core depletion problem in Hot
Full Power (HFP) condition. Operating conditions for
thermal-hydraulic feedback calculation are given in
Table B.V. The problem needs critical boron

Problems concentration (CBC) search for each burnup step. The
No D Type Temperature [K] — depletion calculation performs until the zero boron
: Fuel | Clad | Moderator concentration. The xenon equilibrium state is assumed at
2 | Nso2A0c02 | A0 | 900 | 600 600 0
i sgg:gggi 28 ggg ggg %8 1888 Table B.V: Problem Conditions for NS05C01
5 | NSO2A0C05 | A0 | 600 | 600 600 2000 Parameter Value
6 | NS02A0C06 | A0 | 900 | 600 600 2000 Pressure 12.76 MPa
7 NS02B0C01 B0 600 | 600 600 0 Core Thermal Power 160 MWt
8 NS02B0C02 | BO 900 | 600 600 0 Coolant Inlet Temperature 53145K
9 | NSO02BOC03 | BO 600 | 600 600 1000 Coolant Outlet Temperature 569.23 K
ﬁ mgggggggg gg ggg ggg %g ;888 Coolant Mass Flow Rate 2.114 x10° kg/hr
12 | NS02BOCO6 | BO 900 | 600 600 2000 Control Rod State ARO
13 | NsozBico1l | B1L 600 | 600 600 0
14 | Nso2B1CO2 | Bl 900 | 600 600 0
15 | Ns02B1C03 | Bl 600 | 600 600 1000
16 | Nso2BiC0o4 | B1L 900 | 600 600 1000
17 | NS02B1CO5 | Bl 600 | 600 600 2000
18 | NS02B1C06 | B1L 900 | 600 600 2000
19 | Nso2B2cOl | B2 600 | 600 600 0
20 | Nso2B2c02 | B2 900 | 600 600 0
21 | NS02B2C03 | B2 600 | 600 600 1000
22 | NSo2B2c04 | B2 900 | 600 600 1000
23 | Nso2B2c05 | B2 600 | 600 600 2000
24 | NSo2B2c06 | B2 900 | 600 600 2000

B.3 2-D Core Problems

The problem ID and its calculation conditions for 2-D
radial core are given in Table B.11I. The radial boundary
conditions are vacuum while it is reflective axially.



Appendix C: Power Distribution Results of
Benchmark Problems

C.1 Pin Power Distribution

for 2-D Fuel Assembly

Problems
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Fig. C.1. Pin Power D

istribution for NS02A0C01

Fig. C.2. Pin Power D
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Fig. C.3. Pin Power Distribution for NS02A0C03

Fig. C.4. Pin Power D
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Fig. C.5. Pin Power D

istribution for NSO2A0C05

1.0374 [ 1.0376 1.0356 | 1.0329 1.0123 [0.9764
X |rosss|ro376| X |[w0361|10828| X |1.0131 [0.9745
0.08 | 0.00 005 | 0.01 0.08
1.0086 | 1.0088 |1.0377 | 1.0078 | 1.0046 | 1.0271 | 0.9877 | 0.9716
1.0085 [1.0097 [1.0883 [1.0077 |1.0045 |1.0273 |0.9869 |0.9711
001 | 009 | 005 | 001 | 001 | 001 | 0.08 | 0.05
1.0096 [1.0892 | 1.0101 | 1.0078 |1.0288 |0.9875 |0.9741
1.0098 |1.0404 | 1.0099 |1.0080 |1.0288 |0.9875 |0.9708
002 | 002 | 002
1.0454
X |1.0457
0.03
1.0317
1.0326
0.09
DeCART
MCcCARD|
Err. [%]
RMS Err.  0.07 %
Avg. Err.  0.06 %
Max. Err. 0.19 %

1.0375 [1.0377 1.0357 [ 1.0330 1.0123 [0.9763
X |1.0373 [1.0388 | X [1.0362|1.0324| X [1.0129 [0.9759
002 | 010 004 | 0.06 006 | 0.04
1.0088 | 1.0089 [1.0877 | 1.0079 | 1.0047 |1.0271 |0.9877 |0.9716
1.0092 |1.0096 |1.0385 | 1.0082 | 1.0050 [1.0268 [0.9877 [0.9722
004 | 007 | 008 [ 002 [ 003 | 003 | 001 | 006
1.0097 [1.0898 | 1.0102 | 1.0079 |1.0288 | 0.9876 |0.9710
1.0101 |1.0402 | 1.0103 | 1.0084 |1.0293 |0.9880 [0.9709
004 | 004
X
DeCART
McCARD|
Err. [%]
RMS Err. 0.09%
Avg. Err.  0.08 %
Max. Err. 0.21 %

Fig. C.6. Pin Power Distribution for NS02A0C06
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Fig. C.14. Pin Power Distribution for NS02B1C02
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Fig. C.15. Pin Power Distribution for NS02B1C03
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Fig. C.16. Pin Power Distribution for NS02B1C04
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Fig. C.19. Pin Power Distribution for NS02B2C01
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Fig. C.20. Pin Power Distribution for NS02B2C02
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Fig. C.21. Pin Power Distribution for NS02B2C03
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Fig. C.22. Pin Power Distribution for NS02B2C04
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C.2 Radial Assembly Power Distribution for 2-D Core
Problems
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Fig. C.25. Radial Assembly Power Distribution for NS03C01
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Fig. C.26. Radial Assembly Power Distribution for NS03C02
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Fig. C.27. Radial Assembly Power Distribution for NS03C03
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Fig. C.28. Radial Assembly Power Distribution for NS03C04

0.8886 [ 0.9323 [0.9654 DeCART
0.8918 | 0.9355 |0.9682 MCcCARD
035 | 034 | 0.8 Diff. [9%]

0.9812 |1.0750 | 0.9938
0.9849 |1.0786 | 0.9881
0.37

RMS Diff. 0.40 %
Avg. Diff. 0.37%
Max. Diff. 0.63 %

Fig. C.29. Radial Assembly Power Distribution for NS03C05
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Fig. C.30. Radial Assembly Power Distribution for NS03C06

C.3 Radial Assembly Power Distribution for 3-D Core
Problems
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Fig. C.32. Radial Assembly Power Distribution for NS04C02
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Fig. C.33. Radial Assembly Power Distribution for NS04C03
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Fig. C.34. Radial Assembly Power Distribution for NS04C04
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Fig. C.35. Radial Assembly Power Distribution for NS04C05
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Fig. C.36. Radial Assembly Power Distribution for NS04C06




C.4 Axial Power Distribution for 3-D Core Problems
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C.40. Axial Power Distribution for NS04C04
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Fig. C.41. Axial Power Distribution for NS04C05
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Fig. C.42. Axial Power Distribution for NS04C06



